In human and guinea-pig parturition, progesterone withdrawal and estrogen action are not mediated by changes in their circulating levels. Instead, these events might be promoted by changes in the responsiveness of the uterus and cervix to progesterone and estrogen via changes in their receptors. In this study, the guinea-pig model was used to investigate whether high levels of progesterone and estrogen at term are associated with regional changes in PR and ERa levels in uterus and cervix. PR and ERa pro®les were established in both subepithelium and the muscular layer of the cervix and the lower uterine horns during pregnancy, parturition and postpartum; while collagen remodelling was measured in the subepithelium. Our data showed that collagen remodelling involved in cervical ripening is temporally and spatially associated with a decrease in PR, whereas high expression of ERa is observed. This association was found in the subepithelium of the cervical tissue but not in the same region of the uterus. The muscular region of the cervix and uterus also present a transiently decreased expression of PR while ERa levels remain high. Thus, the present results indicate that, before parturition, diminished responsiveness of the cervix to progesterone might be caused by a decrease in PR levels and that this may be the mechanism of functional progesterone withdrawal. The guinea-pig was further validated as an animal model for human parturition studies.
Introduction
Normal parturition requires a close cooperation between uterus and cervix. The uterus must become an active contracting organ while the cervix must be capable of dilatation. Thus, suf®cient cervical ripening in coordination with uterine contractions becomes a prerequisite for a normal onset and progress of labour (Challis et al., 2000; Weiss, 2000) . The failure of either cervical ripening or adequate uterine contractions causes unsuccessful or dysfunctional parturition (Downing and Sherwood, 1985; Sherwood, 1994; O'Brien, 1995; Luque et al., 1998) .
The functional changes in cervix and uterus related to parturition occur mainly in two different tissue compartments: the subepithelium and the muscular region. The rhythmic tonic contractions of labour are produced by myometrium, while changes in the connective tissue of cervical subepithelium appear to be the primary factors in cervical ripening (Huszar and Walsh, 1991) .
In most mammals, coordination between cervix and uterus at term is controlled by a decrease in circulating progesterone (progesterone withdrawal) together with an increase in estrogen levels (estrogen activation) (Challis and Lye, 1994) . However, in humans and guineapigs, the strategy for progesterone withdrawal and estrogen activation is not associated with signi®cant changes in their serum levels (Csapo et al., 1971; Walsh et al., 1984; Trewin and Hutz, 1999; Mesiano et al., 2002) . Instead, these events could be facilitated through changes in the responsiveness of the uterus and cervix to progesterone and estrogen via different mechanisms such as changes in receptor expression pro®les or receptor accessory proteins (e.g. heat shock proteins and/or receptor co-regulators), or a local production of an antiprogestin or an estrogen agonist (Challis et al., 2000; Wang et al., 2001; Mesiano et al., 2002) . Moreover, it has been hypothesized for women that sustained circulating concentrations of progesterone are indeed required in order to reach a functional regionalization of myometrium at term. A functional withdrawal of progesterone in the fundal myometrium might induce activation, whereas enhanced progesterone signalling in the lower uterine segment promotes relaxation (Challis et al., 2000) . This regional distribution would facilitate descent of the fetus by propagation of contractions from fundus to cervix.
Based on previous studies, it appeared expedient to investigate whether high levels of progesterone and estrogen at term are associated with regional changes in progesteron receptor (PR) and estrogen receptor (ER) a levels in uterus and cervix, potentially capable of mediating changes in the responsiveness of the cervical stroma and myometrium. However, time-course studies of spatial changes cannot be performed in humans. Thus, this task was undertaken by choosing an animal model which resembles human conditions (guinea-pig), to establish the pro®le of ERa, PR and collagen remodelling (as a measurement of cervical functional changes) in uterus and cervix during pregnancy, parturition and postpartum.
Materials and methods

Animals
Guinea-pigs (12±15 weeks old) of the American Short Hair strain, bred at the Department of Human Physiology (Santa Fe, Argentina) were used. Animals were maintained in a controlled environment (22 T 2°C; lights on from 06:00 to 20:00 h), and they had free access to pellet laboratory chow and tap water. Guinea-pigs received a supplement of green hay and ascorbic acid added at the rate of 400 mg/l in tap water.
The animals were examined daily for vaginal opening for at least two consecutive cycles before being assigned to the experimental groups. The day when the vagina was fully open was designated as day 0 of the estrous cycle. Pregnant guinea-pigs of known mating date were obtained by placing estrous females with a buck and checking for plugs the following morning (day of plug = day 1). In our colony delivery occurs on day 64 or 65.
All animal work was conducted in accordance with the Guide for the Care and Use of Laboratory Animals issued by the National Academy of Sciences (USA).
Sample collection and tissue processing
Female guinea-pigs (at least ®ve/group) were randomly assigned to the experimental groups. Animals were killed by decapitation. Trunk blood, uterine horns and cervical tissue were obtained at estrus, on pregnancy days 21, 42, 56 and 63, immediately after parturition (`1.5 h after they had already delivered all pups) or in early postpartum (postpartum day 1; 24 h after parturition). The serum was separated by centrifugation and stored at ±20°C.
Using an aseptic technique, a midline laparatomy was performed in order to gain complete access to the genital tract. Tissue samples were ®xed by ®lling the lumen of the genital tract with the ®xative (10% buffered formalin) for 30 min while still in situ. The organs (i.e. cervix and uterine horns) were then immersed in the same solution for 6 h at room temperature and processed until paraf®n embedding. Serial sections (5 mm in thickness) of whole uterus and cervix were taken along the cervical and uterine canals. Sections were assigned to one of the following staining procedures: haematoxylin±eosin, picrosirius± haematoxylin or immunohistochemistry.
By gross anatomy assessment and by haematoxylin±eosin staining, we divided cervical and uterine tissues into four regions: lower uterine horn, uterine septum, endocervix and exocervix (Figure 1 ). In each region, two tissue compartments were analysed: the subepithelium (limited by the basement membrane and the muscular layer), and the muscular layer (Figure 1) . In previous studies with human (Montes et al., 2002) and rat (Varayoud et al., 2001; Ramos et al., 2002) cervical tissue obtained during pregnancy and at parturition, signi®cant changes in the cellular phenotypes in these zones were described. Immunostaining and collagen remodelling results were expressed according to this regionalization.
Serum progesterone and estradiol (E 2 ) levels
Progesterone and E 2 were measured in serum samples by a sequential immunometric assay, using kits (Immulite Progesterone and Immulite Estradiol; Diagnostic Products Corporation, USA) for in-vitro diagnostics.
Results were recorded with the Immulite Analyzer. Quality control of the assays was performed according to the manufacturer's instructions, as well as previously published results (Costongs et al., 1995; Rodriguez-Espinosa et al., 1998) . Cross-reactivity for both antisera (against progesterone and E 2 ) were evaluated by the manufacturer and found to be <1.5%. The accuracy of the assays was tested by measuring known amounts of progesterone (10, 100 and 300 ng/ml) and E 2 (25, 35 and 50 pg/ml) dissolved in guinea-pig charcoaltreated male serum. The recovery was high according to the correlation between the amount added and the obtained results (r = 0.969 for progesterone and r = 0.878 for E 2 ). The intra-assay variance was calculated as the mean coef®cient of variation of sextuplicates of a serum pool containing 10 ng/ml of progesterone or 40 pg/ml of E 2 . They were 5.8 and 14.0% respectively. These serum pooled samples were run in all assays. The inter-assay coef®cient of variation was calculated from the results obtained from such sextuplicate determinations in all the assays and was 7.2% for progesterone and 12.0% for E 2 .
Measurement of collagen remodelling
Collagen remodelling was evaluated by measuring the intensity of birefringence with the picrosirius±polarization method, as previously described (Luque et al., 1996; Montes, 1996; Kass et al., 2001) . Brie¯y, images were recorded using a Dplan Q100 objective (numeral aperture = 1.25) of systematic randomly selected ®elds of the stroma (n > 40 ®elds) with an Olympus BH2 microscope and a Sony Exwave HAM colour video camera (Sony Electronics, Inc., USA). Image analysis was performed using the Image Pro-Plus 4.1.0.1 system (Media Cybernetics, USA). Using Auto-Pro macro language, an automated standard sequence operation was created to measure intensity of birefringence. In this method, the intensity of collagen birefringence evaluated by polarization microscopy is an indication of collagen remodelling, since only orientated collagen molecules present a bright birefringence. Normally, collagen ®bres form thick bundles of densely packed and regularly arranged ®bres, and they appear as brightly birefringent structures throughout the whole microscopic ®eld. When collagen ®bres are not dense and/or not regularly arranged, they are weakly birefringent. A decrease in the intensity of birefringence shows a transformation from hard and unyielding to a soft, swollen and¯exible structure. Thus, the intensity of birefringence is inversely related to collagen remodelling.
Immunohistochemical detection of ERa and PR
Immunostaining was performed as previously described (Mun Äoz-de-Toro et al., 1998). After deparaf®nation, microwave pretreatment (antigen retrieval) was performed; primary antibodies were incubated overnight at 4°C. For ERa, a mouse monoclonal antibody (1:80 dilution) raised to recombinant ER fusion protein (clone CC4-5; Novocastra Laboratories Ltd, UK) was used. PR was immunolocalized by applying a monoclonal antibody diluted 1:100 (clone PR-AT 4.14; Af®nity Bioreagents, USA). Reaction was developed with biotin± streptavidin±peroxidase complex (ABC kit, Novocastra).
The quanti®cation was performed in samples obtained from animals (at least ®ve/experimental group) from mid-pregnancy to early postpartum. Two sections per animal that included the four selected regions (endocervix, exocervix, septum and lower uterine horns, as shown in Figure 1 ) were evaluated. The quanti®cation was carried out in each one of these regions. Inside each region, results were expressed considering two different tissue compartments: ®broblast of the subepithelium and smooth muscle cells of the muscular layer. At least 1000 cells/tissue compartment were counted. All immunostained nuclei, regardless of intensity, were scored as positive. Results were expressed as the percentage ratio of the total number of the corresponding cell type. 
Western blot analysis
To our knowledge, this is the ®rst time that these antibodies have been used on guinea-pig samples. Thus, the speci®city has been tested by us using Western blot analysis of protein extracts obtained from intact uterine horns of mouse (used as positive control) and guinea-pig. Uterine horns were dissected and immediately frozen in liquid nitrogen. Ice-cold lysis buffer [1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 2 mmol/l EDTA, 50 mmol/l sodium¯uoride, 1 mmol/l sodium vanadate, 0.200 mg/ml aprotinin (all from Sigma, USA) in phosphate-buffered saline, pH 7] was added. The tissue was dounce-homogenized; 100 mg/ml phenylmethylsulphonyl¯uoride was added, and the solution was incubated on ice for 30 min. The homogenate was centrifuged at 4°C for 20 min at 14 000 g and the supernatant was collected. Fifty mg of protein per lane was resolved by 7% SDS±polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes (Protoblot; Schleicher and Schuell, USA), and reacted with antiERa 1:50 (clone CC4-5; Novocastra) or anti-PR 1:100 (clone PR-AT 4.14; Af®nity Bioreagents). The peroxidase-conjugated secondary antibody (Amersham Pharmacia Biotech, Argentina) was used at a 1:500 dilution, and the reaction was visualized with the ECL detection kit (Amersham Pharmacia Biotech).
Negative controls were performed with blots not exposed to the primary antibodies.
Statistics
Statistical analyses were performed using the Kruskal±Wallis one-way analysis of variance. Signi®cance between groups was determined by Dunn post-test, and correlations were performed using Pearson analysis (Siegel, 1956) .
Results
Speci®city of antisera used to detect ERa and PR
Western blot analysis of protein extracts showed that antibodies used in immunohistochemistry speci®cally detected ERa and PR in guineapig tissue. Figure 2a shows that ERa protein was detected in mouse and guinea-pig uterus, and it did not appear when primary antibody was omitted (negative control). Figure 2b shows that PR-A and PR-B isoforms were present in the mouse uterine extracts whereas in the immunoblot of guinea-pig uterus four PR isoforms were revealed. The mol. wt pro®le of the PR variants observed in guinea-pig was: B (~110 kDa), A1 (~90 kDa), A2 (~76±82 kDa) and C (~60±64 kDa). These bands were absent when primary antibody was omitted. Isoforms B, A1 and C have already been described in the human uterus (Wei et al., 1990) and B, A1, A2 and C in rats (Ogle et al., 1997) .
Estrogen and progesterone serum levels from midpregnancy to early postpartum Patterns of progesterone and E 2 serum levels from mid-pregnancy to early postpartum are shown in Figure 3 . Levels of both steroids at estrus are also shown and, as expected, low progesterone and high E 2 values were found. High progesterone levels were recorded during pregnancy and immediately after parturition. A sharp fall was observed on postpartum day 1 when progesterone reached estrous values. E 2 showed a slight increase in serum levels from day 42 to day 63. No signi®cant changes in E 2 were observed during parturition, whereas on postpartum day 1 it decreased signi®cantly compared with day 63.
Collagen remodelling in the cervix and uterus from mid-pregnancy to early postpartum
The intensity of birefringence, as an indication of collagen remodelling, was measured in the subepithelium of the cervix and uterus (Figure 4a and b) . Two clearly differentiated stages, regarding collagen remodelling, were de®ned in the cervix. From day 21 to day 56, a high intensity of birefringence was scanned as an indication of the presence of a dense and highly organized cervical collagen framework. In contrast, a dramatic decrease in the intensity of birefringence was observed during the perinatal period (day 63, immediately after parturition and postpartum day 1), re¯ecting a widespread reduction in density and orientation of collagen ®bre bundles together with an intense collagen remodelling. In the uterus, even though intensity of birefringence was lower than in cervical tissue, an early signi®cant decrease from day 21 to day 42 was detected; after that, the intensity of birefringence remained low and no changes were recorded during the period studied.
PR and ERa expressions in the cervix and uterus from mid-pregnancy to early postpartum PR and ERa expressions were evaluated in the subepithelium and muscular cells of the endocervix, exocervix, septum and lower uterine horns from pregnant females on day 42 throughout postpartum day 1. No different results were found either between endocervix and exocervix, nor between septum and lower uterine horns. Therefore, the regions are hereafter simpli®ed as cervix and uterus respectively. In cervical subepithelium, PR expression decreased before parturition (day 63) and it remained low until postpartum day 1 (Figure 5) , whereas in the uterus subepithelium, high expression of PR was observed throughout gestation and parturition, decreasing sharply on postpartum day 1 (Figure 5 ). In contrast, in the cervix and uterus, the subepithelial expression of ERa was high before and during parturition, decreasing at postpartum day 1 (Figure 5 ).
In the muscular region of cervix and uterus, a signi®cant decrease in PR expression was found before parturition (day 63), whereas at parturition this expression reached high values again, similar to days 42±56. High levels of ERa expression were displayed from late pregnancy (day 56) with no changes around parturition in both organs.
Correlation between collagen remodelling and steroid receptor expression
During pregnancy and parturition, in the cervical subepithelium, we have found that PR expression is positively correlated to the intensity of birefringence (Figure 6a , r = 0.8168, P < 0.001). On the other hand, the subepithelial cervical expression of ERa showed a negative correlation to the intensity of birefringence (Figure 6b , r = ±0.7353, P < 0.01). These associations between PR and ERa expressions and the intensity of birefringence were not observed in the uterus (r = 0.1796, P > 0.01 and r = ±0.04820, P > 0.01 respectively). Taking into account that the intensity of birefringence is inversely related to collagen remodelling (see Materials and methods), these correlations indicate that the characteristic process of collagen remodelling in the cervix is simultaneously associated with a decrease in PR and an increase in ERa expressions. Interestingly, we also found a negative correlation between ERa and PR expressions in the subepithelium of the cervix (Figure 7a ), while no correlation was observed in the uterus (Figure 7b ).
Discussion
In the present study, using the guinea-pig as an animal model, we demonstrate that at parturition, collagen remodelling involved in cervical ripening is temporally and spatially associated with a decrease in PR while a high expression of ERa is observed. This association was found in the subepithelium of the cervical tissue but not in the same region of lower uterine horns. Before parturition, the muscular region of the cervix and uterus also present a decreased expression of PR whereas ERa levels remain high.
Previously, we have demonstrated that in the rat, collagen remodelling in the uterine cervix is evidence of the cervical softening that allows its dilatation and a normal delivery (Luque et al., 1996 . Studying the connective tissue of the uterus and cervix in nonpregnant versus women in labour, Granstro Èm et al. (1989) found that collagen remodelling occurs in both organs at term. In guinea-pig, collagen remodelling also took place in the subepithelium of the cervix and uterus at parturition. However, we have observed that this process occurs earlier in the uterus than in the cervix. Temporal differences in the onset of collagen remodelling in the uterus versus cervix could be explained by the fact that during pregnancy the uterus must relax to accommodate the growing fetus, whereas the cervix must keep ®rm and closed to hold the uterine contents until term.
Changes in ERa and PR levels in cervical tissue might be responsible for the histofunctional adaptations of this organ associated with delivery. Existing data indicate that species without a fall in progesterone prior to parturition (guinea-pigs, non-human primates and humans) respond to antiprogestins with an increase in myometrial responsiveness and cervical ripening, but not always by the induction of pre-term birth (Elger, 1987; Hegele-Hartung et al., 1989; Chwalisz, 1991 Chwalisz, , 1994 . Overall, these studies indicate that, previous to parturition, the myometrium and cervix of guinea-pigs undergo a conditioning step (i.e. increased responsiveness) which can be mediated through PR. Despite high progesterone concentrations in maternal blood, spontaneous increase in myometrial responsiveness and cervical ripening physiologically occur in humans and guineapigs before parturition (Chwalisz, 1994) . Our results support these ®ndings by showing that, before parturition, diminished responsiveness of the cervix to progesterone might be caused by a decrease in PR levels and this may be the mechanism of functional progesterone withdrawal. Since it is well established that progesterone suppresses ERa expression in the reproductive tract (Haluska et al., 1990) , this might allow the increased ERa expression that we observed around parturition in cervical subepithelium. Such a phenomenon suggests a decrease in progesterone action. On the other hand, a high expression of ERa in cervical subepithelium could raise its responsiveness to circulating estrogen, leading to an active process of collagen remodelling that could contribute to cervical effacement. Dilatation of the guinea-pig cervix is accompanied by an active degradation of subepithelial collagen type I by a stromal collagenase, and this process is stimulated by E 2 and blocked by progesterone (Rajabi et al., 1991a (Rajabi et al., ,b,c, 1995 . Even though our data are in agreement with these studies, the hypothesis presented here needs to be tested in future experiments.
On the other hand, our study showed a transient decrease in PR levels in the muscular region of the cervix and uterus at day 63 of gestation, after which PR levels return to high values. This means that parturition occurs with high levels of PR in the myometrium, indicating that the functional progesterone withdrawal in this tissue compartment would not be the result of a decreased expression of PR only and/or that PR-reduced expression on day 63 is enough to promote later changes in organ responsiveness. It has been recently reported that, in human myometrium at term, responsiveness to progesterone is controlled by the expression of PR-A relative to PR-B and that a signi®cant increase in this ratio underlies functional progesterone withdrawal (Mesiano et al., 2002) . In this study, we have found that the guinea-pig uterus has similar PR isoforms as described for women (Wei et al., 1990; Challis et al., 2000) . Thus, the possibility that myometrial progesterone responsiveness is related to changes in expression of PR-A relative to PR-B might also be considered as a probable mechanism of myometrial functional progesterone withdrawal in guinea-pigs.
Classically, the guinea-pig has been considered an adequate animal model to study human gestation and parturition. This concept has been supported, in part, by the similarities of both species in the serum pro®les of sex steroids during pregnancy and parturition (Trewin and Hutz, 1999) . The results presented here support the usefulness of the guinea-pig model by con®rming previous ®ndings and describing more similarities with humans. We found that guinea-pig uterus has PR isoforms similar to those described for women (Wei et al., 1990; Challis et al., 2000) . As reported for women (Stjernholm et al., 1996; Wang et al., 2001) , we found that guinea-pig cervical subepithelium has a signi®cant down-regulation of PR immediately before parturition and a decrease of ERa in the cervical muscular region at postpartum.
In summary, we provide evidence that in guinea-pig parturition high circulating levels of progesterone and estrogen at term are associated with changes in the expression of PR in the uterine cervix.
The decreased sensitivity of the cervix to progesterone may be mediated through a reduced PR expression in the subepithelium. The results found in the muscular region do not convincingly demonstrate the functional progesterone withdrawal hypothesis. In fact, it suggests that another mechanism between steroid hormones and their nuclear receptors could be involved at the end of gestation and parturition (i.e. changes in isoform ratio). Our laboratory is currently performing experiments to clarify this issue. In addition, we demonstrated some events that extend the classical concept by which the guinea-pig's reproductive system resembles that of women. Thus, we believe that the guinea-pig model holds great promise for studies of the pathophysiology of parturition in women and for therapeutic strategy design.
